












Figure	 5:	 Time	 series	 of	 the	 autumn	mean	 surface	 Arc)c	 Ampliﬁca)on	 factor	
deﬁned	as	the	ra)o	of	Arc)c	to	global	SAT	anomalies	as	shown	in	Figure	1.		
*Models	included	in	the	ensemble	are	listed	in	the	box	on	the	bo_om	le`.	
The	 Arc)c	 region	 warms	 rapidly	 accompanied	
by	 shrinking	 sea	 ice	 coverage.	 Last	 autumn	
unusual	 high	 SST	 hindered	 sea	 ice	 regrowth	
which	 lead	 to	 record	 low	 sea	 ice	 area	 and	
volume	this	past	winter.	
In	 the	 Arc)c	 (here	 deﬁned	 as	 area	 >70˚N)	
surface	air	 temperature	 (SAT)	 rises	 faster	 than	
the	 global	 mean	 under	 increasing	 greenhouse	
gas	 concentra)ons	 (see	 Figure	 1).	 While	 this	
Arc)c	 Ampliﬁca)on	 is	 present	 throughout	 the	












•  heat	 and	 water	 vapor	 advec)on	 from								
subpolar	region	
Note,	 as	 sea	 ice	 vanishes,	 its	 eﬀec)veness	 in	
Arc)c	ampliﬁca)on	decreases.	
Models	
This	 study	 is	 based	 on	 CMIP5	 simula)ons	
including	 the	 following	 climate	 models:	




MPI-ESM-LR,	 MPI-ESM-MR,	 which	 have	 been	
veriﬁed	 by	 diﬀerent	 metrics	 to	 best	 simulate	
the	present	sea	ice	decline2,3.	We	include	runs	
of	the	historical	and	RCP8.5	scenarios.	
Figure	 1:	 Autumn	 (September	 to	 November)	 Arc)c	 mean	
(blue)	 and	 global	 mean	 SAT	 anomalies	 (red)	 referenced	 to	
1960–1980	mean	and	smoothed	by	a	30-year	boxcar	ﬁlter.		
Figure	 3:	 Arc)c	 September	 mean	 sea	 ice	 area	 from	 CMIP5	
models	 (gray	 lines)	 and	 the	 mul)-model	 mean	 (black	 line).	
Circles	mark	the	year	in	which	each	model	run	passes	through	
Se	 =	 1	 (see	 Fig.	 6	 on	 right).	 The	 ver)cal	 purple	 dashed	 line	































































































 60 oW 






















Figure 1. Increasing seasonality of Arctic sea ice extent. (a) An-
nual range from data and model simulations, (b) The correspond-
ing seasonality numbers. NSIDC satellite sea ice index (HadISST)
data are shown since (prior to) 1978. The PIOMAS estimates are
from a data assimilation product. The multi-model mean from three
CMIP5 coupled climate models are also shown (three realizations of
CESM1-CAM5, and one realization each of MIROC-ESM-CHEM,
MPI-ESM-MR from the historical and RCP8.5 runs). In (b) season-
ality numbers for NSIDC and HadISST Antarctic sea ice extent are
plotted. The thin lines show the seasonality numbers for NSIDC sea
ice area. Inset: Map of sea ice extent when Se = 1±0.05 (the brown
line shows the NSIDC ice edge and the turquoise patch is from the
CMIP5 models). The yellow patch shows the CMIP5 distribution of
sea ice extent when the total extent decreases to (1± 0.6)⇥106 km2.
In each case, the composite multi-model mean distribution is shown.
F i g u r e 	 6 : 	 I n c r e a s i n g	
seasonality	 of	 Arc)c	 sea	 ice	





the	 ra)o	of	 seasonal	 range	 to	
annual	 mean	 sea	 ice	 extent/
area4.	 Seasonality	 numbers	
presented	 are	 from	 NSIDC	
satellite	 data5	 (Arc)c	 and	
Antarc)c)	 as	 well	 as	 PIOMAS6	
Arc)c	 hindcast	 w/assimila)on	
for	 the	 observa)onal	 period,	
HadISST7	 (Arc)c	 &	 Antarc)c)	
prior	 to	 1978,	 and	 the	 CMIP5	






Figure	 4:	 Peak	 in	 coincident	 sea	 ice	





mean	 sea	 ice	 area	 and	 autumn	 mean	
SAT.	Right	panel	shows	the	same	but	for	
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i s 	 s t r o n g e s t 	 i n	
N o v e m b e r . 	 A	
progression	 of	 the	
peak	 in	 each	 month	
f r o m	 2 0 0 8 	 f o r	
September	to	the	late	









•  Surface	 Arc)c	 Ampliﬁca)on	 peaks	 under	
con)nuous	global	warming.	
•  For	autumn	months	this	peak	occurs	in	the	2010s	
but	 later	 in	 2060-2080	 for	 the	 winter	 season	
according	to	model	projec)ons	under	the	CMIP5	
RCP8.5	climate	scenario.	
•  The	 autumn	 peak	 coincides	 with	 the	 Arc)c	 sea	
ice	cover	entering	the	seasonal	regime	…	
•  and	 a	 maximum	 in	 eﬀec)veness	 of	 sea	 ice	 in	
associated	 feedback	 mechanisms,	 such	 as	 the	
ice-albedo	feedback.	
•  The	 seasonality	 number4	 is	 thus	 a	 more	
meaningful	 measure	 of	 the	 changing	 Ar)c	 than	
the	106	km2	sea	 ice	extent	 threshold	o`en	cited	
in	the	literature	to	iden)fy	and	ice-free	Arc)c.	
Se(T ) = (t2 − t1)
x(t2 )− x(t1)
x(t ')dt '
t1
t2∫
5).	3	
